INTRODUCTION
============

In the eukaryotic nucleus, DNA is packaged into chromatin. The fundamental unit of this structure is the nucleosome consisting of a histone octamer (two of each H2A, H2B, H3 and H4) that organizes ∼147 bp of DNA ([@gks267-B1]). In order to allow or prevent nuclear regulatory proteins access to the DNA, the chromatin structure has to be flexible and dynamic. Several mechanisms ensure controlled chromatin changes, one being the incorporation of specialized histone variants ([@gks267-B2],[@gks267-B3]).

Variants of the histone H2A family are the most diverse in sequence and exhibit distinct functions ([@gks267-B4],[@gks267-B5]), comprising DNA damage repair, transcriptional regulation, cell cycle control and chromatin condensation, though the exact mechanisms of action are not fully understood yet. Interestingly, the highest sequence variation among H2A variants is found in the C-terminus, suggesting that differences in structure and biological function might be primarily attributed to this domain ([@gks267-B6; @gks267-B7; @gks267-B8; @gks267-B9]). One of the best investigated and highly conserved but also functionally enigmatic histone variant is H2A.Z. This variant is essential in most eukaryotes and possesses unique functions ([@gks267-B10],[@gks267-B11]). H2A.Z is involved in transcriptional regulation, chromosome segregation and mitosis, acting in an organism- and differentiation-dependent manner ([@gks267-B12],[@gks267-B13]). Furthermore, H2A.Z has been implicated in regulating epigenetic memory ([@gks267-B14]) and in inhibiting read-through antisense transcription ([@gks267-B15]). In higher eukaryotes, H2A.Z might play a role in heterochromatin organization ([@gks267-B16]), genome stability and chromosome segregation ([@gks267-B17]). Despite many efforts to elucidate the exact biological functions of H2A.Z, its roles have been and remain controversial ([@gks267-B18]). Furthermore, deregulation of H2A.Z expression or localization seems to be connected to the development of several neoplasias ([@gks267-B19; @gks267-B20; @gks267-B21; @gks267-B22; @gks267-B23]). Interestingly, in vertebrates two non-allelic genes coding for two highly similar H2A.Z proteins, H2A.Z.1 and H2A.Z.2, exist ([@gks267-B24]) (previously named H2A.Z-1 and H2A.Z-2, prefixes were changed due to a new histone variant nomenclature; Talbert P.B., manuscript in preparation). They have a common origin in early chordate evolution, are both acetylated on the same N-terminal lysines ([@gks267-B25; @gks267-B26; @gks267-B27]) and might be ubiquitinated on either one of the two C-terminal lysines ([@gks267-B28]).

Here, we report the identification and structural characterization of H2A.Z.2.2 (Z.2.2), an unusual alternative splice form of H2A.Z. We show that Z.2.2 mRNA is expressed to different degrees in all human cell lines and tissues examined, with highest levels found in brain. Cell biological and biochemical analyses consistently reveal the presence of two distinct Z.2.2 populations within the cell. The majority of Z.2.2 is freely dispersed in the nucleus, whereas only a minority is stably incorporated into chromatin, most likely through the H2A.Z-specific p400/NuA4/TIP60 (TIP60) and SRCAP chaperone complexes. *In vivo* and *in vitro* analyses, in agreement with molecular dynamic (MD) simulations, demonstrate that due to its unique docking domain Z.2.2 chromatin incorporation leads to severely unstable nucleosomes. Our data provide compelling evidence that a novel H2A.Z variant exists in humans that plays a distinct and novel role in chromatin structure regulation.

MATERIALS AND METHODS
=====================

See [Supplementary Materials and Methods](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) section for detailed protocols.

Cell culture, transfection, FACS and cloning
--------------------------------------------

Cell lines were grown in DMEM medium (PAA) supplemented with 10% FCS (Sigma) and 1% penicillin/streptomycin at 37°C and 5% CO~2~. Cells were transfected using FuGene HD (Roche Applied Science) according to the manufacturer's instructions. For details on cell selection, FACS and cloning of expression plasmids see [Supplementary Materials and Methods](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) section*.*

RNA expression analysis
-----------------------

RNA isolation and cDNA generation were performed as previously described ([@gks267-B29]). Data were analyzed with the advanced relative quantification tool of the Lightcycler 480 (Roche) software including normalization to HPRT1 and HMBS levels. Statistical evaluation was done using *t*-test (two-tailed distribution, heteroscedastic). Total RNA from different human tissues was commercially acquired from: Applied Biosystems: normal lung, breast and tumor breast, lung and ovary; Biochain: tumor lung, breast, thyroid and bone, normal testis, cerebellum, cerebral cortex, hippocampus, thalamus and total fetal brain; amsbio: frontal lobe.

Histone extraction, RP--HPLC purification, sucrose gradient, cellular fractionation and salt stability experiments
------------------------------------------------------------------------------------------------------------------

Acid extraction of histones was done as previously described ([@gks267-B30]). Histones were separated by RP--HPLC as previously described ([@gks267-B29]). Fractions were dried under vacuum and stored at −20°C.

Details on MNase digest and sucrose gradient fractionation can be found in [Supplementary Materials and Methods](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) section.

Fractionation and salt stability experiments were carried out as described previously ([@gks267-B31; @gks267-B32; @gks267-B33]) with minor changes. For details on these methods see [Supplementary Materials and Methods](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) section.

Antibodies
----------

For the generation of a Z.2.2-specific antibody (αZ.2.2), a peptide spanning the last C-terminal amino acids GGEKRRCS of Z.2.2 was synthesized (Peptide Specialty Laboratories GmbH) and coupled to BSA and OVA, respectively. Development of Z.2.2-specific monoclonal antibodies in rats was done as previously described ([@gks267-B29]). The αZ.2.2 clone 1H11-11 of rat IgG1 subclass was applied in this study. Rabbit αZ.2.2 antibody (rabbit 2, bleed 3) was generated by the Pineda-Antikörper-Service company using the identical peptide epitope followed by affinity purification. Following other primary antibodies were used: αGAPDH (sc-25778, Santa Cruz), αGFP (Roche Applied Science), αH2A (ab 13923, abcam), αH3 (ab1791, abcam) and αH2A.Z (C-terminus: ab4174, abcam; N-terminus: ab18263, abcam). Following secondary antibodies and detection kits were used in immunoblots: GFP-Z.2.2 and GFP-Bbd histones (αGFP) and endogenous Z.2.2 (αZ.2.2) were detected using HRP-conjugated secondary antibodies (Amersham) with ECL advance (Amersham), all other proteins were detected using ECL (Amersham). Detection of recombinant proteins to evaluate histone stoichiometry of *in vitro* assembled nucleosomes was carried out using IRDye-labeled secondary antibodies (LI-COR).

Fluorescence microscopy of cells and chromosomes
------------------------------------------------

Preparation of cells and chromosome spreads for fluorescence microscopy was done as previously reported ([@gks267-B34]). Wide-field fluorescence imaging was performed on a PersonalDV microscope system (Applied Precision) equipped with a 60×/1.42 PlanApo oil objective (Olympus), CoolSNAP ES2 interline CCD camera (Photometrics), Xenon illumination and appropriate filtersets. Iterative 3D deconvolution of image *z*-stacks was performed with the SoftWoRx 3.7 imaging software package (Applied Precision).

FRAP and exponential fitting
----------------------------

For details see [Supplementary Materials and Methods](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) section*.*

Stable isotope labeling with amino acids in cell culture (SILAC) and mass spectrometric identification of H2A.Z-specific chaperone complexes
--------------------------------------------------------------------------------------------------------------------------------------------

HeLa cells expressing GFP-Z.2.1 or GFP-Z.2.2 were SILAC labeled and nuclear extracts were prepared as described before ([@gks267-B35],[@gks267-B36]). High-resolution LC MS/MS analysis was performed on an Orbitrap platform: details on the experimental procedure are found in [Supplementary Materials and Methods](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) section*.* Mass spectrometric (MS) operation and raw data analysis ([@gks267-B37]) are described in [Supplementary Materials and Methods](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) section*.* A complete list of all proteins identified is found in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1).

Immunoflurescence microscopy of cell cycle-dependent GFP-Z.2.1 and GFP-Z.2.2 chromatin incorporation
----------------------------------------------------------------------------------------------------

Details on the experimental labeling ([@gks267-B38]) and microscopy procedures are found in [Supplementary Materials and Methods](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) section*.*

Expression of recombinant human histone proteins in *Escherichiacoli*, *in vitro* octamer and nucleosome reconstitution
-----------------------------------------------------------------------------------------------------------------------

Histones were expressed, purified and assembled into octamers as described ([@gks267-B39]) and mononucleosomes were assembled on DNA containing the 601-positioning sequence ([@gks267-B40]) according to ([@gks267-B39],[@gks267-B41]). For details on *in vitro* octamer and nucleosome reconstitution, see [Supplementary Materials and Methods](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) section*.*

Single molecule Förster resonance energy transfer
-------------------------------------------------

Single molecule Förster resonance energy transfer (smFRET) single molecule burst analysis followed by the removal of multi-molecular events ([@gks267-B42; @gks267-B43; @gks267-B44; @gks267-B45]) are described in detail in the [Supplementary Materials and Methods](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) section*.*

Molecular modeling and MD simulations
-------------------------------------

The molecular modeling suite YASARA-structure version 9.10.29 was employed, utilizing the AMBER03 force field ([@gks267-B46]) for the protein and the general amber force field (GAFF) ([@gks267-B47]) throughout this study. The partial charges were computed using the AM1/BCC procedure ([@gks267-B48]) as implemented in YASARA structure ([@gks267-B49]). The starting point for molecular modeling was the crystal structure of a nucleosome core particle containing the histone variant H2A.Z (PDB 1F66) ([@gks267-B50]). Missing side chain atoms were added (Glu E 634). The missing N-terminal and C-terminal residues were not modeled, although they might interact with the neighboring DNA, e.g. in the case of missing C-terminal residues in H2A.Z (119--128; GKKGQQKTV). All structures were solvated in a water box with 0.9% NaCl and neutralized ([@gks267-B51]). The structures were initially minimized using steepest descent and simulating annealing procedures. All deletions and mutations were introduced sequentially using YASARA structure. MD simulations were carried out at 300 K over 2.5 ns in an NPT ensemble using PME. All simulations were performed four times using various starting geometries. The 2.5 ns MD trajectories were sampled every 25 ps, resulting in 100 simulation frames per run, which were evaluated after an equilibration phase of 500 ps to derive statistical averages and properties of the corresponding variant. Finally, the interaction energy of H2A and H3 was calculated from a simulation of the solvated octamer and the isolated (H3--H4)~2~ tetramer or the isolated respective H2A.Z--H2B dimer. The interaction energy is calculated as energy difference of the solvated octamer minus the solvated (H3--H4)~2~ tetramer and H2A.Z--H2B dimer.

RESULTS
=======

Alternative splicing of H2A.Z.2 occurs *in vivo*
------------------------------------------------

Two non-allelic intron-containing genes with divergent promoter sequences that code for H2A.Z variants exist in vertebrates ([@gks267-B24],[@gks267-B27]). In humans, the H2A.Z.2 (H2AFV) primary transcript is predicted to be alternatively spliced thereby generating five different gene products ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)). Using PCR and confirmed by sequencing we detected not only H2A.Z.2.1 (Z.2.1) but also H2A.Z.2.2 (Z.2.2) mRNA, though none of the other splice variants in human cells ([Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)) showing that the H2A.Z.2 primary transcript is indeed alternatively spliced *in vivo*. Interestingly, database searches found Z.2.2 mRNA to be predicted in chimpanzee (*Pan troglodytes*) and Northern white-cheeked gibbon (*Nomascus leucogenys*) as well. In addition, the coding sequence of the unique exon 6 was present downstream of the *H2AFV* locus of several other primate genomes, such as gorilla (*Gorilla gorilla gorilla*), macaque (*Macaca mulatta*), orangutan (*Pongo abelii*) and white-tufted-ear marmoset (*Callithrix jacchus*) (data not shown). In all of these primates, with the exception of marmoset, the resulting protein sequence, if translated, is 100% identical to the unique human Z.2.2 peptide. Further searches revealed that the genomes of horse, and to a certain extent also rabbit and panda bear, contain sequences downstream of their *H2AFV* loci that could, if translated, lead to proteins with some similarities to human Z.2.2, although they are much more divergent and even longer (rabbit, panda bear). Due to these differences, it is highly likely that those species do not express a Z.2.2 protein homolog. Surprisingly, we could not detect Z.2.2-specific sequences in mouse, rat or other eukaryotic genomes, suggesting that Z.2.2 might be primate specific.

Next, we wanted to determine to what degree all three H2A.Z mRNAs are expressed in different human cell lines and tissues and performed quantitative PCR (qPCR). Z.2.2 mRNA was present to different degrees in all human cell lines and tissues tested, though less abundant than Z.1 and Z.2.1 mRNAs that are expressed in similar amounts ([Supplementary Figure S1C](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) and [D](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)). Z.2.2 constituted between 5% and 15% of total Z.2 transcripts in all cell lines and tissues, with the exception of brain, where it was statistically significant upregulated (*p* = 1.7 × 10^−4^; [Figure 1](#gks267-F1){ref-type="fig"}A). In some regions of this particular organ Z.2.2 accounted for up to 50% of all Z.2 transcripts pointing toward an exciting brain-specific function of this novel variant. Figure 1.Identification of Z.2.2. (**A**) qPCR with cDNA from different human cell lines and tissues using primers specific for Z.2.1 and Z.2.2. Data were normalized to HPRT1 and HMBS expression levels. Controls generated without reverse transcriptase (no RT) were used to assess amplification threshold. Shown are the levels of Z.2.2 mRNA as percentages of total Z.2 transcripts (Z.2.1 + Z.2.2). For an evaluation of absolute expression levels see [Supplementary Figure S1C](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) and [D](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1). (**B**) Amino acid alignment of human Z.1, Z.2.1 and Z.2.2 proteins using ClustalW Alignment (MacVector 10.0.2). Identical amino acids are highlighted in dark gray, similar amino acids in light gray and changes are set apart on white background. Known acetylation sites are depicted with stars and ubiquitination sites with circles. A schematic representation of the secondary structure of Z.1 and Z.2.1 is shown below the alignment, including depiction of the H3/H4 docking domain ([@gks267-B50]). M6 and M7 boxes indicate regions important for H2A.Z-specific biological functions in *D. melanogaster* ([@gks267-B60]). (**C**) IB analyses of RP--HPLC purified fractions from different human (HEK293, HeLa, HeLa Kyoto and U2OS) and mouse (NIH3T3) cell lines using a polyclonal rabbit αZ.2.2 and αH2A.Z (αZ, C-terminal) antibodies. Recombinant Z.2.2 protein (rZ.2.2) was loaded in the first lane as positive control for αZ.2.2 antibody. Similar results were obtained when using a monoclonal rat αZ.2.2 antibody (data not shown).

Encouraged by our findings we next investigated whether the endogenous protein is present *in vivo*. The distinctive feature of Z.2.2 is its C-terminus that is 14 amino acids shorter and contains six amino acids differences compared to Z.2.1 ([Figure 1](#gks267-F1){ref-type="fig"}B). Due to this shortened C-terminal sequence, ubiquitination sites at positions K120 and K121 ([@gks267-B28]) and part of the H3/H4 docking domain ([@gks267-B50]) are lost in Z.2.2. We generated antibodies against Z.2.2's unique C-terminal amino acids (αZ.2.2) in rats and rabbits and confirmed their specificity in immunoblots (IB) with recombinant Z.2.1 and Z.2.2 proteins ([Supplementary Figure S1E](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) and data not shown). We extracted histones from several human and mouse cell lines, purified them by reversed phase--high performance liquid chromatography (RP--HPLC) and analyzed obtained fractions by IB ([Figure 1](#gks267-F1){ref-type="fig"}C). Using αZ.2.2 (polyclonal rabbit), we observed a signal of the calculated weight of Z.2.2 that elutes shortly before Z.1- and Z.2.1-containing fractions in all human samples. Similar results were obtained with a monoclonal αZ.2.2 rat antibody (data not shown). In agreement with the finding that Z.2.2-specific exon 6 sequences are mainly restricted to primate genomes, we could detect Z.2.2 protein in human but not in mouse cells ([Figure 1](#gks267-F1){ref-type="fig"}C). In summary, our data show that Z.2.2 protein indeed exists *in vivo*, albeit at a low expression level.

GFP-Z.2.2 is partially incorporated into chromatin
--------------------------------------------------

Having demonstrated the existence of this novel variant *in vivo*, we next sought to clarify whether Z.2.2 constitutes a bona fide histone by being part of the chromatin structure. Due to high background of all our αZ.2.2 antibodies in IB with cell extracts (data not shown), we generated HeLa Kyoto cell lines stably expressing GFP-tagged H2A variants (HK-GFP cells) for subsequent analyses. Expression levels of GFP-tagged histone variants were determined by FACS ([Supplementary Figure S2A](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)) and by comparing expression levels of GFP-tagged variants with endogenous H2A.Z proteins in IB ([Supplementary Figure S2B](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)). GFP-Z.1 and -Z.2.1 were expressed in similar amounts as the endogenous H2A.Z protein, and GFP-Z.2.2 expression levels were considerably lower than those of other GFP-tagged H2A variants, with the exception of GFP-H2A.Bbd (Barr body deficient; Bbd). These data show that all GFP-H2A variants were not expressed in abnormal amounts in cell clones used for further analyses.

In fluorescence microscopy, GFP-Z.2.2 exhibited a sole but rather diffuse nuclear distribution similar to GFP-Bbd, suggesting that both variants might have similar properties ([Figure 2](#gks267-F2){ref-type="fig"}A). Additionally, GFP-Z.2.2 was detected in condensed mitotic chromosomes, with a faint residual staining in the surrounding area ([Figure 2](#gks267-F2){ref-type="fig"}B), suggesting that it is incorporated into chromatin, although to a lesser extent than other GFP-H2A variants. To discriminate between a potential non-specific DNA binding and nucleosomal incorporation of Z.2.2 we purified mononucleosomes by sucrose gradient centrifugation. GFP-Z.2.2 was detected by IB in fractions containing mononucleosomes ([Figure 2](#gks267-F2){ref-type="fig"}C), suggesting that Z.2.2 is indeed a nucleosomal constituent. Figure 2.Z.2.2 localizes to the nucleus and is partially incorporated into chromatin. (**A**) Fluorescence imaging of stably transfected HeLa Kyoto cells shows nuclear localization of all GFP-H2A variants (middle). DNA was counterstained with DAPI (top). Overlay of both channels in color is shown at the bottom (Merge; GFP: green, DAPI: blue). Scale bar = 5 µm. (**B**) Deconvolved images of metaphase spreads of HeLa Kyoto cells stably expressing GFP-H2A variants (middle). Merged images in color are shown below (GFP: green; DAPI: blue). Scale bar = 10 µm. (**C**) Chromatin from HeLa Kyoto cells stably expressing GFP-Z.2.2 was digested with MNase followed by a purification of mononucleosomes using sucrose gradient centrifugation. Isolated DNA from subsequent sucrose gradient fractions was analyzed by agarose gel electrophoresis (left). Fractions containing pure mononucleosomes (marked with asterisk) were combined and analyzed by IB (right) using αGFP antibody for the presence of GFP-Z.2.2 (top), and αH3 (bottom).

To analyze the extent of Z.2.2 chromatin incorporation in more detail, we isolated soluble (*sol*) and chromatin (*chr*) fractions from HK-GFP cells. IB analyses revealed, as expected, that similar to GFP-Bbd, GFP-Z.2.2 is predominantly nuclear soluble, with only minor amounts present in chromatin ([Figure 3](#gks267-F3){ref-type="fig"}A). Based on fractionation and fluorescence imaging results, we hypothesized that this novel variant behaves in a different manner as compared to other H2A variants with regard to chromatin exchange mobility *in vivo*. To test this prediction, we performed fluorescence recovery after photobleaching (FRAP) experiments with HK-GFP cells. Using spinning disk confocal microscopy we monitored the kinetic behavior of H2A variants with variable intervals over 2 min (short-term) up to several hours (long-term) after bleaching a 5 µm × 5 µm square nuclear region ([Figure 3](#gks267-F3){ref-type="fig"}B and [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)). As expected, GFP alone showed the highest mobility. In contrast, GFP-H2A, -Z.1 and -Z.2.1 showed a slow recovery, which is in agreement with a previous report ([@gks267-B52]). GFP-Bbd has been described to exhibit low nucleosomal stability and a fast FRAP kinetic ([@gks267-B53]), which we also observed in our experiment. Interestingly, GFP-Z.2.2 showed an even faster recovery than GFP-Bbd, with ∼80% of initial fluorescence reached after 1 min. Careful assessment and bi-exponential fitting of FRAP data allowed us to also calculate ratios of fractions with fast, intermediate and slow recovery and their respective half-time of recovery (*t*~1/2~) as an indication of exchange rate thereby revealing quantitative differences between Z.2.2 and other H2A variants ([Figure 3](#gks267-F3){ref-type="fig"}D, [Supplementary Figure S3C](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) and [E](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)). For Z.2.2 as well as for Bbd, we identified a fast fraction of unbound or very transiently interacting molecules (78%, *t*~1/2~ ∼ 1.1 s and 52%, *t*~1/2~ ∼ 2.5 s, respectively; for comparison GFP *t*~1/2~ ∼ 0.4 s) and a substantially slower fraction with a *t*~1/2~ in the range of 7--9 min. In contrast, GFP-H2A, -Z.1 and -Z.2.1 showed no fast mobile fraction but intermediate slow fractions with *t*~1/2~ in the range of 8--17 min and a second even slower class exchanging with a *t*~1/2~ of a few hours. For comparison, we measured the linker histone H1.0 ([@gks267-B54; @gks267-B55; @gks267-B56; @gks267-B57]) and the histone binding protein HP1α ([@gks267-B58],[@gks267-B59]), both DNA-associated proteins, and found that HP1α shows an overall much faster recovery than all H2A variants. In contrast to Z.2.2 and Bbd, no unbound fraction of H1.0 was detected. More importantly, with regards to the bound Z.2.2 and Bbd fractions overall H1.0 showed a faster recovery, arguing against an unspecific DNA-association of Z.2.2 and Bbd. In agreement with cell biological and biochemical analyses, these data clearly demonstrate that a large fraction of the splice variant Z.2.2 is very rapidly exchanged or chromatin unbound, and a minor population is incorporated into chromatin. Figure 3.The majority of Z.2.2 protein is nuclear soluble and highly mobile in a sequence-dependent manner. (**A**) HK-GFP cells were subjected to biochemical fractionation. Fractions *sol* and *chr* of identical cell equivalents were probed in IB with αGFP (top), αH2A (middle) and αGAPDH (bottom). (**B**) FRAP quantification curves of average GFP signal relative to fluorescence intensity prior to bleaching are depicted for GFP, GFP-tagged wild-type H2A variants, linker histone H1.0 and heterochromatin protein 1α (HP1α). Mean curves of 10--29 cells are shown for each construct. Error bars are omitted for clarity. (**C**) FRAP quantification curves similar to (B) are depicted for GFP, GFP-tagged wild-type H2A, Z.2.1, Z.2.2 and mutant constructs. (**D**) Quantitative evaluation of FRAP curves. Plot shows calculated mobility fraction sizes of different wild-type and mutant H2A variant constructs, as well as H1.0 and HP1α, based on bi-exponential fitting of FRAP data. Error bars indicate SD (see [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) for long-term FRAP and for numerical values).

Z.2.2's unique docking domain, but not its shortened length, weakens chromatin association
------------------------------------------------------------------------------------------

The functional importance of specific C-terminal domains of H2A.Z has previously been demonstrated by nucleosomal structure analyses ([@gks267-B7],[@gks267-B50]) and in rescue experiments in flies ([@gks267-B60]). Since the C-terminus of Z.2.2 is shorter and has a distinct sequence when compared to Z.1 and Z.2.1, it is not clear which of these features determines Z.2.2's unusual chromatin-association.

Therefore, we generated deletion and domain-swap constructs ([Supplementary Figure S3D](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)) for FRAP experiments (short-term: [Figure 3](#gks267-F3){ref-type="fig"}C and long-term: [Supplementary Figure S3B](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)). Surprisingly, C-terminal deletions of GFP-H2A (H2A^111^) and GFP-Z.2.1 (Z.2.1^113^) to mimic the shortened length of Z.2.2 did not affect their original mobility in short-term and only modestly in long-term FRAP. Hence, the mere shortening of the C-terminus is not sufficient to weaken stable chromatin association.

To investigate whether the unique six C-terminal amino acids of Z.2.2 are sufficient to generate highly mobile proteins, we created a further C-terminally truncated GFP-H2A construct (H2A^105^) and added the Z.2.2 specific C-terminal six amino acids (H2A^105^ + CZ.2.2). Although both mutant constructs are slightly more mobile than H2A^111^, their indistinguishable recovery kinetics demonstrate that the unique six C-terminal amino acids of Z.2.2 alone are not sufficient to cause its extreme mobility *in vivo*.

To explore whether the complete Z.2.2 docking domain is able to induce high-protein mobility, we transferred the respective domain of either Z.2.1 (amino acids 91--127) or Z.2.2 (amino acids 91--113) onto a C-terminally truncated H2A (H2A^88^ + CZ.2.1 and H2A^88^ + CZ.2.2, respectively). Interestingly, only the docking domain of Z.2.2, but not the one of Z.2.1, confers high mobility. In conclusion, the six unique C-terminal amino acids of Z.2.2 prevent chromatin-association of a large proportion of this protein, but only when present in the context of the preceding H2A.Z-specific docking domain sequence.

Z.2.2 interacts with H2A.Z-specific TIP60 and SRCAP chaperone complexes and is deposited into chromatin outside of S-phase
--------------------------------------------------------------------------------------------------------------------------

Our so far obtained data strongly imply that at least a minor amount of the cellular Z.2.2 protein is incorporated into nucleosomes. Since previous studies have shown that evolutionary conserved Swr1-related ATP-dependent chromatin remodelers specifically exchange canonical H2A--H2B with H2A.Z--H2B dimers within nucleosomes ([@gks267-B10],[@gks267-B61]), we wondered if such complexes are also able to actively deposit Z.2.2 into chromatin. HK cells and HK cells stably expressing GFP-Z.2.1 or -Z.2.2 were SILAC labeled, soluble nuclear proteins isolated, GFP-tagged Z.2.1 and Z.2.2-associated proteins precipitated using GFP nanotrap beads and identified by quantitative mass spectrometry ([Figure 4](#gks267-F4){ref-type="fig"} and [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) for a complete list of all identified proteins). Whereas the majority of proteins are background binders clustering around 0, specific interactors can be found on the right side having a high ratio H/L or ratio L/H for Z.2.1 and Z.2.2, respectively. In accordance with previous studies ([@gks267-B62; @gks267-B63; @gks267-B64; @gks267-B65]), we found GFP-Z.2.1 to be part of two major complexes, the SRCAP and the p400/NuA4/TIP60 (TIP60) complexes ([Figure 4](#gks267-F4){ref-type="fig"}A), as we were able to detect all of their thus far identified members, with the exception of actin, as significant outliers. Interestingly, GFP-Z.2.2 also associated with both SRCAP and TIP60 complexes ([Figure 4](#gks267-F4){ref-type="fig"}B), showing an almost identical binding composition as GFP-Z.2.1 ([Figure 4](#gks267-F4){ref-type="fig"}C). These results strongly imply that Z.2.2 is, similar to other H2A.Z variants, actively deposited into chromatin through specific chaperone complexes. Figure 4.Z.2.2 associates with H2A.Z-specific SRCAP and TIP60 chaperone complexes. GFP-pull-downs for H2A.Z-specific chaperone complexes are shown. HK cells stably expressing GFP-Z.2.1 (**A**) and GFP-Z.2.2 (**B**) were SILAC-labeled and subjected to single-step affinity purifications of soluble nuclear proteins in a 'forward' (GFP-Z.2.1) or 'reverse' (GFP-Z.2.2) pull-down using GFP nanotrap beads. In each panel the ratio of the identified proteins after MS is plotted. Proteins known to interact with H2A.Z are indicated in the following way: members of the SRCAP complex in red, members of the TIP60 complex in blue and shared subunits in purple. Potential novel H2A.Z-interacting proteins are shown as green dots ('other outliers') and are distinguished from background binders (gray dots) and contaminants (yellow dots). See also [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) for a list of all identified proteins. (**C**) List of the SRCAP and TIP60 complex members and their normalized binding intensity to Z.2.1 or Z.2.2. Note that for comparison reasons the obtained H/L ratios of GFP-Z.2.2 binders (numbers in brackets) were calculated in the corresponding L/H ratios. See also [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) for a list of all identified proteins and their normalized H/L ratios.

Based on these results, we predicted that Z.2.1 and Z.2.2 should be incorporated into chromatin in a highly similar spatial manner. Since both SRCAP and TIP60 chaperone complexes are evolutionary conserved between different species, we tested mouse C127 cells that do not express endogenous Z.2.2 for their ability to deposit GFP-Z.2.2. Hereby we should be able to distinguish whether SRCAP and TIP60 complexes are sufficient for deposition, or if other potential primate-specific factors are needed. GFP-Z.2.1 and -Z.2.2 were transiently expressed in C127 cells, S-phase stages highlighted by EdU-incorporation and co-localization patterns visualized by fluorescence microscopy ([Figure 5](#gks267-F5){ref-type="fig"}). GFP-Z.2.1 and -Z.2.2 showed an almost identical chromatin localization and deposition pattern, suggesting that Z.2.2 is, like Z.2.1, deposited through SRCAP and TIP60 complexes. In accordance with a recent study, we observed an enrichment of both H2A.Z variants in facultative heterochromatin regions in interphase nuclei ([@gks267-B66]). Surprisingly, although H2A.Z is expressed in all cell cycle phases ([@gks267-B67]), and GFP-Z.2.1 and -Z.2.2 expression is driven by a constitutive active promoter, chromatin deposition of both proteins is underrepresented at replication foci. This result underlines our findings that Z.2.2 interacts with all members of both TIP60 and SRCAP complexes and is actively and not passively deposited, as would have been the case during S-phase when nucleosomes are highly exchanged. Figure 5.Z.2.1 and Z.2.2 are actively deposited into chromatin and are under-represented at replication foci. C127 cells transiently expressing GFP-Z.2.1 (left) and -Z.2.2 (right) were pulse labeled with EdU to visualize replication foci and to identify S-phase stages. DNA was counterstained with DAPI and analyzed by wide-field deconvolution microscopy. To remove the unbound fraction in GFP-Z.2.2 expressing cells, an *in situ* extraction was performed prior to fixation. Cells in early, middle and late S-phases were distinguished due to their characteristic differential EdU replication labeling patterns of eu- and heterochromatic regions. Merged images in color are shown alongside (GFP: green; EdU: red; DAPI: blue). Scale bar = 5 µm.

Structural changes in Z.2.2's C-terminus prevent histone octamer folding and enhance DNA breathing on structurally destabilized nucleosomes
-------------------------------------------------------------------------------------------------------------------------------------------

Our findings thus far imply that Z.2.2 is incorporated into nucleosomes and most likely targeted by TIP60 and SRCAP complexes. Then why does a large fraction of the cellular Z.2.2 protein pool shows a high mobility and is freely dispersed in the nucleus? One plausible possibility is that Z.2.2 severely destabilizes nucleosomes due to its divergent C-terminal docking domain and is hence rapidly exchanged. To test this hypothesis, we used an *in vitro* reconstitution system. Recombinant human H2A variants together with H3, H2B and H4 ([Supplementary Figure S4A](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)) were refolded by dialysis, and formed complexes purified by size exclusion chromatography. As expected, both H2A and Z.2.1 containing samples readily formed histone octamers ([Figure 6](#gks267-F6){ref-type="fig"}A, solid lines). Bbd served as a negative control, because it has been demonstrated to not form octamers under these conditions ([@gks267-B41]), a result we also observed ([Figure 6](#gks267-F6){ref-type="fig"}A left, dotted line). Interestingly, in accordance with our FRAP data, Z.2.2 behaved like Bbd in that it only formed Z.2.2--H2B dimers, but did not complex together with (H3--H4)~2~ tetramers to generate octamers ([Figure 6](#gks267-F6){ref-type="fig"}A right, dotted line), which was further confirmed by SDS--PAGE analyses of the separate fractions ([Figure 6](#gks267-F6){ref-type="fig"}B). Thus, like for Bbd the incorporation of Z.2.2 destabilizes the interface between Z.2.2--H2B dimers and (H3--H4)~2~ tetramers in a C-terminal sequence dependent manner ([Supplementary Figure S4B](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) and [C](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)). In conclusion, the Z.2.2 docking domain is sufficient to prevent octamer formation. Figure 6.Z.2.2 does not constitute stable histone octamers with H2B, H3 and H4 *in vitro*. (**A**) Size exclusion chromatography of refolding reactions using recombinant human H3, H4 and H2B proteins together with either H2A (solid line) or Bbd (dashed line) (left overlay) or with either Z.2.1 (solid line) or Z.2.2 (dashed line) (right overlay). Peaks corresponding to aggregates, histone octamers, tetramers or dimers are labeled respectively. (**B**) Fractions corresponding to H2A-containing octamers, Bbd-containing tetramers and dimers (left) or Z.2.1-containing octamers and Z.2.2-containing tetramers and dimers (right) were analyzed by 18% SDS--PAGE and stained with Coomassie brilliant blue.

Although no Z.2.2 containing histone octamers could be generated *in vitro*, our results using GFP-Z.2.2 strongly suggest that Z.2.2 can be part of nucleosomes. To test this *in vitro* and to evaluate the effect of Z.2.2 on nucleosome stability, we reconstituted mononucleosomes by mixing Z.2.2--H2B dimers, (H3--H4)~2~ tetramers and DNA containing a 'Widom 601' DNA positioning sequence in a 2:1:1 ratio. As controls, we reconstituted H2A or Z.2.1 containing nucleosomes by mixing octamers and DNA in a 1:1 ratio. As expected, analysis of all nucleosomes by native PAGE showed a single band before and after heat shift ([Figure 7](#gks267-F7){ref-type="fig"}A), indicating a unique position on the 'Widom 601' DNA template. Purification of nucleosomes from a native gel and analysis of the protein content by SDS--PAGE (Coomassie staining and immunoblot) showed that Z.2.2 was indeed incorporated into nucleosomes ([Figure 7](#gks267-F7){ref-type="fig"}B). All nucleosomes were further evaluated for their resistance to MNase cleavage as an indicator of stably organized nucleosomes and to determine nucleosomal DNA length ([Figure 7](#gks267-F7){ref-type="fig"}C and [Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)). We observed fragments corresponding to protected nucleosomal DNA with the length of 146 bp for all variant nucleosomes tested. The appearance of smaller, subnucleosomal fragments indicates that DNA breathing occurred ([@gks267-B68]). Interestingly, DNA of Z.2.2 nucleosomes is less protected, since subnucleosomal fragments were obtained at lower MNase concentrations than with H2A or Z.2.1 nucleosomes. Additionally, at higher MNase concentrations a stable DNA fragment of about 120 bp was most abundant for Z.2.2 nucleosomes ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)), indicating that this might be the preferred DNA length wrapped around this octamer. These data suggest that increased DNA breathing occurs in Z.2.2 nucleosomes, which as a result might be less stable. To quantify nucleosome stability *in vitro* we measured salt-dependent changes in nucleosome structure using smFRET ([@gks267-B69]). In line with the results presented above, Z.2.2 containing recombinant nucleosomes lost their compact structure at lower salt concentrations than Z.2.1 or H2A-containing ones ([Figure 7](#gks267-F7){ref-type="fig"}D). To investigate whether the observed Z.2.2-dependent nucleosome destabilization is true in the context of chromatin, we isolated chromatin from HK cells expressing GFP-H2A variants and incubated it with buffer containing increasing amounts of salt. Histones that remained stable chromatin components were precipitated and detected by IB ([Figure 7](#gks267-F7){ref-type="fig"}E). As observed with FRET techniques, Z.2.2-containing nucleosomes disintegrated between 200 and 400 mM NaCl, and were therefore even less stable than Bbd-containing ones. In summary, incorporation of Z.2.2 leads to a severely reduced nucleosome stability due to C-terminal sequence dependent changes in its docking domain and subsequent loss of its interaction with histone H3. Figure 7.Z.2.2-containing nucleosomes are less resistant to MNase digestion and increased ionic strength. (**A**) H2A, Z.2.1 or Z.2.2 containing nucleosomes were assembled on DNA by salt gradient deposition, incubated at 4°C or 37°C to evaluate DNA positioning and separated by a native 5% PAGE gel. (**B**) Agarose-gel-electro-eluted material from (A) was analyzed by 18% SDS--PAGE and Coomassie stained to evaluate stoichiometry of histones after nucleosome assembly (top). Stars indicate H2A variants that were used for assembly. Further evaluation of histone stoichiometry after nucleosome assembly was done by IB using a LI-COR instrument (bottom). Assembled nucleosomes containing Z.2.1 or Z.2.2 were immunoblotted and the amount of histones was visualized using an αH3 antibody (top) and an N-terminal αZ antibody (recognizes all H2A.Z variants, bottom). (**C**) Mononucleosomes containing either H2A, Z.2.1 or Z.2.2 were digested with increasing concentrations of MNase and extracted DNA was separated using Bioanalyzer. Stars indicate DNA length of 146 bp. For detailed electropherogram analyses of fragment lengths in each sample see [Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1). (**D**) Mononucleosomes containing either H2A, Z.2.1 or Z.2.2 histones together with double dye labeled DNA were incubated with increasing amounts of salt. smFRET measurement values of each salt concentration were normalized to 0 mM NaCl. Error bars represent SEM of six measurements. (**E**) Chromatin from HK-GFP cells was isolated and incubated with increasing amounts of salt. Chromatin-bound histones were precipitated and detected by IB using αGFP antibody. Staining with αH2A was used as loading control.

Our FRAP data suggest that the Z.2.2 C-terminal amino acids might have a direct influence on the nucleosomal structure by affecting interactions with DNA and/or adjacent histones. Based on the existing structural data ([@gks267-B50]), we performed MD simulations of nucleosomes containing Z.1 ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)) or Z.2.2. In addition, we also included the deletion mutant Z.2.1^113^, which did not show any change in short-term FRAP ([Figure 3](#gks267-F3){ref-type="fig"}C), but some increase in mobility in long-term FRAP ([Supplementary Figure S3B](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1)) in our assay. These *in silico* models revealed that changes in the C-terminus of H2A.Z strongly affect its protein structure ([Figure 8](#gks267-F8){ref-type="fig"}A). Strikingly, different statistical descriptors over the MD-trajectory like distance and mobility (B-factor) show in contrast to Z.1 and Z.2.1^113^ unique properties for the Z.2.2 tail. Only Z.2.2 leads to a substantial structural change in the C-terminus resulting in an increased distance to histone H3, which in turn makes a hydrogen bond interaction between peptide backbone NH of Cys112 in Z.2.2 and the oxygen in the Gln55 side chain in H3 impossible ([Figure 8](#gks267-F8){ref-type="fig"}B). Additionally, an increase in the B-factor for Z.2.2 indicates a substantially enhanced mobility of Z.2.2's C-terminus ([Figure 8](#gks267-F8){ref-type="fig"}C). We also calculated the Z.2.2--H3 interaction energy and observed a switch from negative to positive values in the case of Z.2.2 suggesting that this histone variant destabilizes the nucleosome ([Figure 8](#gks267-F8){ref-type="fig"}D). In summary, these data suggest that the C-terminal sequence of Z.2.2 leads to a more dynamic structure that in turn loses binding to histone H3 and destabilizes the nucleosomal structure, providing a reasonable explanation for the observed *in vivo* and *in vitro* data. Figure 8.Unique Z.2.2 C-terminal amino acids cause significant changes in protein and nucleosome structure. (**A**) *In silico* models of Z.1, Z.2.1^113^ and Z.2.2 C-terminal C-chains (yellow; from amino acids 84 to C-terminus, including the complete docking domain) together with the E-chain of histone H3 (blue; amino acids 33--60, including αN-helix). Side (left) and frontal views (right) of four MD simulations are shown respectively. See [Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gks267/DC1) for complete *in silico* model of H2A.Z-containing nucleosome. (**B**) Simulated distances between peptide backbone NH of amino acids 112 in H2A.Z (His or Cys, respectively) variants and the oxygen in the Gln55 sidechain in H3 based on *in silico* nucleosome models containing either Z.1 (white), Z.2.1^113^ (light gray) or Z.2.2 (dark gray) proteins. Error bars represent SD of four independent simulations. (**C**) Simulated mobility measuring B-factor values between amino acids 108 and 113 in respective H2A.Z variant C-termini. Error bars represent SD of four independent simulations. (**D**) Simulated interaction energy between tetramer versus respective H2A.Z variant-containing dimers.

DISCUSSION
==========

In this work, we have identified a previously unknown histone H2A.Z variant and provide a comprehensive characterization of its nucleosomal properties. This alternatively spliced variant, Z.2.2, is present to different degrees in all human cell lines and tissues investigated, with a significant enrichment in brain. Z.2.2 contains a shortened and in six amino acids divergent C-terminus compared to Z.1 and Z.2.1 that is necessary, but not sufficient, to weaken chromatin association. Only in the context of the unique Z.2.2 docking domain does the C-terminal sequence negatively affect nucleosome stability *in vitro* and *in vivo*. To our knowledge, Z.2.2 has the strongest destabilizing effect on nucleosomal structure compared to other histone H2A variants reported to date.

Only one other histone variant, macroH2A, has been shown thus far to be alternatively spliced ([@gks267-B70]). Here, like our observation with H2A.Z, two independent genes *mH2A1* and *mH2A2* exist in mammals, with only mH2A1 being alternatively spliced resulting in functional different proteins ([@gks267-B71]). In our study, we demonstrate that the human H2A.Z.2 (H2AFV) primary transcript is alternatively spliced generating Z.2.1 and Z.2.2 mRNAs and proteins. These observations suggest that Z.2.2 is tightly regulated in a tissue-specific manner through alternative splicing and/or RNA stability. Our findings now raise the intriguing possibility that alternative splicing of histone variants might not be rare but more common than previously thought. If true, it will be of interest to reevaluate other intron-containing histone variant genes with regard to their possible alternative transcripts and protein products.

Bioinformatic genome analyses revealed the existence of Z.2.2-specific sequences only in humans, old and new world primates and to some extend in other mammals, with the exclusion of mouse, rat and even lower eukaryotes. It remains to be seen, whether Z.2.2's evolution is indeed limited to primates only. Primate-specific gene products have been often identified in human brain and reproductive tissues ([@gks267-B72]), supporting the notion that their RNAs and proteins might be essential to adaptive changes leading to human development and further speculates that primate-specific genes might be important in reproductive function and disease. Since we have found Z.2.2 transcripts to be strongly enriched in brain samples of higher brain function in comparison to other tissues and cell types, it will be of great interest to determine in future studies, if this novel variant might play an important functional role in this particular organ. These observations also raise the interesting question of how alternative splicing and/or differential stability of H2AFV transcripts are tissue specifically regulated.

Another intriguing feature of Z.2.2 is its influence on nucleosome stability. Although Z.2.2 localizes exclusively to the nucleus, only a minor proportion is stably incorporated into chromatin. The only other exception in humans known thus far is Bbd, which has previously been demonstrated to destabilize the nucleosome structure ([@gks267-B41],[@gks267-B53],[@gks267-B73]). Bbd, similar to Z.2.2, is a shorter H2A variant with an unusual C-terminus and a considerable different primary histone fold sequence that might explain its ability to destabilize nucleosomes. In agreement, a recent study demonstrated that the incomplete C-terminal docking domain of Bbd results in structural alterations in nucleosomes and that those are in turn associated with an inability of the chromatin remodeler RSC to both remodel and mobilize nucleosomes ([@gks267-B8]). Z.2.2, on the other hand, is identical to Z.2.1, except that its C-terminus is 14 amino acids shorter and in six amino acids altered. How can this small change in Z.2.2's primary sequence lead to such drastic effects on chromatin association?

We show that Z.2.2 can be part of a bona fide nucleosome and that it interacts with the H2A.Z-specific TIP60 and SRCAP chaperone complexes. These complexes have been shown to catalyze the exchange of H2A--H2B dimers with H2A.Z--H2B dimers in nucleosomes and our finding therefore suggests that both complexes are also involved in an active chromatin incorporation of Z.2.2. Supporting this idea is the observation that both Z.2.1 and Z.2.2 are incorporated into chromatin in a replication-independent manner, even in mouse cells that do not express endogenous Z.2.2. Both H2A.Z variants are not primarily deposited at replication foci, not even in middle S-phase when facultative heterochromatin is replicated, where the majority of the H2A.Z protein pool is found in interphase cells ([@gks267-B66]). Our findings are in agreement with a model proposed by Hardy and Robert, in which H2A.Z variants are randomly deposited into chromatin by specific chaperone complexes in a replication-independent manner coupled to a subsequent targeted H2A.Z depletion ([@gks267-B74]). As a consequence, an enrichment of H2A.Z at non-transcribed genes and heterochromatin regions over several cell generations can be observed ([@gks267-B74]). It might be possible that INO80 facilitates this eviction function, as it has been shown to exchange nucleosomal H2A.Z--H2B dimers with free H2A--H2B dimers ([@gks267-B75]). It will be of interest in future studies to determine whether Z.2.2 exchange is subjected to a similar mechanism. Taken together, our findings strongly imply that Z.2.2 is actively deposited into chromatin through the interaction with evolutionary conserved chaperone complexes. Nevertheless, a large fraction of Z.2.2 protein is not chromatin bound and we have mapped the region crucial for high FRAP mobility to its docking domain. In addition to Z.2.2's unique C-terminal amino acids this region spans the highly conserved acidic patch responsible for deposition ([@gks267-B76]), the M6 region that is functionally essential in fly H2A.Z ([@gks267-B60]) and required for the interaction with the SWR1 complex in yeast ([@gks267-B77]). Strikingly, *in silico* simulation of Z.2.2 predicted dynamic structural changes that in turn weaken interaction with histone H3 and destabilize the nucleosome structure. Such a gross structural alteration explains why Z.2.2 is not able to form stable octamers *in vitro* and leads to enhanced DNA breathing in a nucleosomal context. Hence, Z.2.2 incorporation into chromatin disrupts nucleosomes more easily and supports a model in which Z.2.2 is more rapidly exchanged than Z.2.1.

What functional outcome might Z.2.2 cause when incorporated into chromatin? And how is the variant composition of Z.2.2 containing nucleosomes? It has been shown that a special class of nucleosomes containing both H2A.Z and H3.3 variants exists in humans ([@gks267-B78]). These nucleosomes are enriched at promoters, enhancers and insulator region and promote the accessibility of transcription factors to these DNA regions ([@gks267-B78]), most likely due to their extreme sensitivity to disruption ([@gks267-B79]). Since these studies nicely demonstrate that differential nucleosome stabilities due to the incorporation of different histone variants influence transcriptional regulation, it is tempting to speculate that Z.2.2 might also affect chromatin-related processes. Future experiments will shed light on Z.2.2 function(s), especially with regard to its increased expression in human brain areas, and explain why and where nucleosomal destabilization is needed. This is of particular interest, since Bbd that also leads to nucleosomal destabilization is almost exclusively present in testis ([@gks267-B80; @gks267-B81; @gks267-B82]) in contrast to the apparently ubiquitously expressed Z.2.2, possibly pointing toward distinct roles of both destabilizing H2A variants in different tissues. Our data suggest that additional interesting, yet unidentified, histone variants may exist and await their discovery.
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